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Aging listeners experience greater difficulty understanding speech in adverse listening conditions and exhibit degraded temporal reso-
lution, even when audiometric thresholds are normal. When threshold evidence for peripheral involvement is lacking, central and
cognitive factors are often cited as underlying performance declines. However, previous work has uncovered widespread loss of cochlear
afferent synapses and progressive cochlear nerve degeneration in noise-exposed ears with recovered thresholds and no hair cell loss
(Kujawa and Liberman 2009). Here, we characterize age-related cochlear synaptic and neural degeneration in CBA/CaJ mice never
exposed to high-level noise. Cochlear hair cell and neuronal function was assessed via distortion product otoacoustic emissions and
auditory brainstem responses, respectively. Immunostained cochlear whole mounts and plastic-embedded sections were studied by
confocal and conventional light microscopy to quantify hair cells, cochlear neurons, and synaptic structures, i.e., presynaptic ribbons and
postsynaptic glutamate receptors. Cochlear synaptic loss progresses from youth (4 weeks) to old age (144 weeks) and is seen throughout
the cochlea long before age-related changes in thresholds or hair cell counts. Cochlear nerve loss parallels the synaptic loss, after a delay
of several months. Key functional clues to the synaptopathy are available in the neural response; these can be accessed noninvasively,
enhancing the possibilities for translation to human clinical characterization.

Introduction
Auditory function declines with age, with reductions in threshold
sensitivity and speech discrimination, particularly in noise, com-
monly observed (Working Group on Speech Understanding,
Committee on Hearing, Bioacoustics, and Biomechanics, 1988;
Goŕdon-Salant, 2005). Understanding of the cellular changes
that lead to these outcomes remains fragmentary, and clinical
assessments provide an incomplete picture of the sites of involve-
ment and the perceptual impacts of auditory aging.

The loss of threshold sensitivity that accompanies auditory
aging is primarily peripheral in origin, and often sensory (i.e.,
related to hair cell damage or loss) in nature. Much experimental
effort has focused on correlating such age-related threshold shifts
with hair cell loss, and therapeutic interventions have concen-
trated on improving “audibility” through amplification. How-
ever, threshold sensitivity loss is not the only, and arguably not
the primary, handicapping dysfunction of auditory aging. Aging
listeners also experience greater difficulty in understanding
speech in adverse listening environments; for example, in condi-
tions of background noise and high reverberation, and they ex-

hibit degraded temporal resolution, even when thresholds are
well preserved or when audibility is matched to that of younger
listeners (Dubno et al., 1984; Goŕdon-Salant and Fitzgibbons,
1993; Snell and Frisina, 2000; Walton, 2010; Ruggles et al., 2012).
In the absence of threshold evidence for peripheral involvement,
central and cognitive factors are often invoked as contributing to
such performance decrements of aging listeners (Frisina and Fri-
sina, 1997; Krull et al., 2013).

Although thresholds and hair cell counts are important met-
rics in the assessment of sensory dysfunction, they are less infor-
mative when the dominant pathology is not sensory in nature. It
has been known for decades that loss of auditory nerve fibers, the
primary sensory neurons connecting the hair cells to the au-
ditory brainstem, need not affect threshold sensitivity when
the degeneration is diffusely distributed along the cochlear
spiral (Schuknecht and Woellner, 1953). More recently, thresh-
olds were shown to be insensitive to widespread loss of the inner
hair cell (IHC) synapses of these neurons that can occur after
noise exposures causing only temporary threshold elevations
(Kujawa and Liberman, 2009).

Comparatively little is known about the effects of aging per se
on the IHC-afferent synapse, and normal synaptic aging has been
largely overlooked as a contributor to auditory functional de-
cline. This synaptic complex is the primary conduit for informa-
tion flow from the cochlea to the brain; thus, age-related changes
would be expected to have significant perceptual consequences.

Here, we focus on cochlear synaptic aging and its functional
consequences in CBA/CaJ mice never exposed to high levels of
sound. In the same ears, we perform conventional assessments of
threshold sensitivity and counts of outer and inner hair cells and
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cochlear ganglion cells for comparison. We find significant syn-
aptic losses long before declines in threshold sensitivity or hair
cell counts. We show that the extent of synaptopathy can be
predicted noninvasively, using auditory brainstem responses that
could be optimized for clinical use. Findings provide insights into
“normal” peripheral auditory aging and suggest that one need
not look beyond the first afferent synapse to find an early, and
potentially major, contributor to the performance declines of
aging listeners.

Materials and Methods
Experimental animals and acoustic environment
All mice (CBA/CaJ) were born and reared in our animal care facility
(inbred breeders replaced every five generations to maintain isogeneity
with supplier stocks) and held to various ages (4 –144 weeks). Since male
CBA mice accumulate age-related threshold shift faster than females
(Guimaraes et al. 2004; Henry 2004), we used only males to decrease
intersubject variability.

The acoustic environment of this facility has been characterized by
both spectral analysis and longitudinal noise-level data logging. For the
former, a small electret microphone (FG-23329-PO7; Knowles) was
placed in an empty mouse cage within an active rack, and the signal was
digitized and averaged (16 spectra every 10 s) for 48 h over two separate
weekdays and two separate weekends. From each mean spectrum, the
sound pressure level (SPL) was summed within half-octave bands over the
range 1 to 45 kHz. Averaged sound levels were greatest (45–50 dB) in the 1-

4 kHz span of frequencies, and ranged between
35 and 40 dB from 5.6 to 45 kHz. For the noise-
level data logging, measurements were made for 6
to 24 h periods and provide A-weighted levels in
the frequency range 10 Hz to 20 kHz, which cap-
tures the frequency region with highest sound
levels. Logged sound levels were between 50 and
60 dB SPL �95% of the time, and �80 dB SPL
�1% of the time.

Physiological tests
All physiologic tests were conducted in an
acoustically and electrically shielded and
heated chamber, using a National Instruments
PXI-based system and 24-bit input/output
boards controlled with custom LabVIEW soft-
ware. The custom acoustic system comprised
two miniature dynamic earphones as sound
sources (CDMG15008-03A; CUI) and an elec-
tret condenser microphone (FG-23329-PO7;
Knowles) coupled to a probe tube to measure
sound pressure near the eardrum. Additional
details of the stimulus generation and delivery
and data acquisition hardware and software can
be found at http://www.masseyeandear.org/
research/ent/eaton-peabody/epl-engineering-
resources/.

Mice were anesthetized with ketamine (100
mg/kg, i.p.) and xylazine (10 mg/kg, i.p.). The
condition of the external and middle ears was
evaluated under microscopic observation before
physiologic testing. Animals with evidence of
middle-ear pathology or obstructive cerumen
were excluded from the study. During testing,
body temperature was maintained at 37°C by
heating the air in the experimental chamber. All
animal procedures were approved by the Institu-
tional Animal Care and Use Committee of the
Massachusetts Eye and Ear Infirmary and are
consistent with NIH guidelines.

Auditory brainstem responses (ABRs) and
distortion product otoacoustic emissions

(DPOAEs) were measured from all animals. ABRs were elicited by tone
burst stimuli (0.5 ms rise–fall, 30 per second, polarity alternating) delivered
at log-spaced frequencies from 5.6 to 45.2 kHz. Stimulus SPL was incre-
mented in 5 dB steps from below threshold to 90 dB SPL. Responses were
amplified (10,000�), filtered (0.3–3 kHz passband), averaged (up to 1024
samples at each frequency level combination), and detected via needle elec-
trodes at the vertex and ventrolateral to the pinna with a ground reference
near the tail. ABR Wave 1 thresholds, defined as the lowest stimulus level (in
decibels of SPL) at which a repeatable Wave 1 could be identified in the
response waveform, were identified by visual inspection of stacked wave-
forms. Amplitudes of Waves 1 and 5 were measured (peak to following
trough) by offline analysis of stored waveforms.

DPOAEs corresponding to the frequency 2f1–f2 were recorded in re-
sponse to two primary tones, f1 and f2, with f2 equal to ABR test frequen-
cies, f2/f1 � 1.2, and the f2 level 10 dB below the f1 level. Primary tone
pairs were incremented together in 5 dB steps from below threshold to
f2 � 80 dB SPL (for threshold determinations, f2 was kept at 70 dB and below
to avoid system-generated distortion). The DPOAE at 2f1–f2 was extracted
from the averaged spectra, as was the noise floor at points just above and
below the 2f1–f2 frequency. Iso-DPOAE contours were interpolated from the
measured growth functions, and threshold was defined as the primary level
(of f2) required to produce a DPOAE of �5 dB SPL.

Histologic preparation and assessment
Following physiologic testing, anesthetized mice were transcardially per-
fused with 4% paraformaldehyde in 0.1 M phosphate buffer. Both co-
chleae were extracted, and the round and oval windows were opened to

Figure 1. Aging mice show late-onset elevation of cochlear thresholds, preceded by selective decline of neural suprathreshold
amplitudes. A, B, Mean thresholds (�SEM) for DPOAEs and ABR Wave 1, as measured at eight ages. The key in C applies to all
panels. Actual ages were within �5% of the target. When responses were not observed at the highest sound level, threshold was
assigned a value 5 dB greater than the stimulus maximum; this was common only at 144 weeks, where threshold curves are
displayed with dashed lines. Group sizes were 4 weeks (12), 16 weeks (20), 32 weeks (12), 64 weeks (16), 80 weeks (10), 96 weeks
(20), 128 weeks (20), and 144 weeks (10). C, D, Mean amplitude versus level functions (�SEM) at 12 kHz for DPOAEs (C) and ABR
Wave 1 (D) for the same animals shown in A and B (except for 144 weeks, where waveforms were too small and irregular to reliably
parse). In all panels, symbols for 80 week animals are filled with red.
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allow intralabyrinthine perfusion of the same fixative. In most cases, one
cochlea was processed as an immunostained cochlear whole mount and
the other as osmium-stained, plastic-embedded sections as described
below. All morphological analyses were performed by an individual hav-
ing no knowledge of animal age, with subsets double counted by a second
individual as a check for consistency.

Cochlear whole mounts. Cochleae were postfixed for 1–2 h with 4%
paraformaldehyde in 0.1 M phosphate buffer, decalcified for 2–3 d in 0.12 M

EDTA, microdissected into six pieces, and immunostained with antibod-
ies to (1) C-terminal binding protein 2 (mouse anti-CtBP2; BD Biosci-
ences; used at 1:200), (2) myosin-VIIa (rabbit anti-myosin-VIIa; Proteus
Biosciences; used at 1:200), and either (3) Na/K-ATPase (goat anti-Na/
K-ATPase; Santa Cruz Biotechnology; used at 1:100), or (4) GluA2
(mouse anti-glutamate receptor 2; Millipore; used at 1:2000) and appro-
priate secondary antibodies coupled to Alexa Fluors in the red, blue, and
green channels.

Cochlear lengths were measured, and a cochlear frequency map com-
puted (Müller et al., 2005), allowing localization of cochlear structures to
relevant frequency regions. Confocal z-stacks of the 5.6, 11.3, and 32 kHz
regions from each ear were obtained (Leica TCS SP2 or SP5) using a
high-resolution, oil-immersion objective ((100�, numerical aperture
1.4) with 2� digital zoom, SP2; or (63�, numerical aperture 1.3) with
3.17� digital zoom, SP5). Each stack spanned 78 �m of cochlear length,
and two adjacent stacks were imaged at each locus in each ear. Care was
taken to span (with a step size of 0.25 �m) the entire vertical extent of the
hair cells, from cuticular plate to synaptic pole; each stack contained the
entire synaptic pole of �10 IHCs as viewed from the endolymphatic
surface of the organ of Corti.

Image stacks were ported to image-processing software (Amira; Visage
Imaging), where IHCs were counted using the faint staining of their
nuclei by the anti-CtBP2 antibodies. To count synaptic ribbons, three-
dimensional (3D) renderings of each confocal z-stack were produced
using the “connected components” feature in Amira, and rotated to
disambiguate the x–y projection images. We determined whether rib-
bons were associated with glutamate receptors (GluA2) or afferent ter-
minals (Na/K-ATPase). This analysis was aided by custom software that
computed and displayed the x–y projection of the voxel space within 1
�m of the center of each ribbon, as identified from the Amira analysis
(Liberman et al., 2011). Juxtaposed ribbons and receptors or ribbons and
terminals could then be viewed (and counted) within the generated array
of thumbnails. Outer hair cells (OHCs) were counted from the same
epithelial whole mounts under Nomarski optics (Nikon Eclipse E800)
using a 40�, numerical aperture 0.95 objective; the viewing field spanned

78 �m of cochlear length, and two adjacent fields were counted for each
locus in each ear.

Plastic sections. For quantification of spiral ganglion cells, cochleae
were fixed as described above, postfixed in 2% formaldehyde and 2%
glutaraldehyde in 0.1 M phosphate buffer, decalcified (0.12 M EDTA),
rinsed in phosphate buffer, and osmicated (osmium tetroxide). Tissues
were then rinsed, dehydrated, and embedded in Epon in a stereotyped
orientation. Serial sections (10 �m) were cut (parallel to the modiolus)
using a Leica RM2255 microtome and mounted in Permount on micro-
scope slides. Cochlear regions of interest (5.6, 11.3, and 32 kHz) were
identified based on 3D reconstruction and cochlear mapping (Hirose
and Liberman, 2003). Using 100�, 1.3 NA oil-immersion objectives and
differential interference contrast (DIC) optics, Rosenthal’s canal in each
cochlear region was live-imaged with a digital camera interfaced to Neu-
rolucida software (MicroBrightField). A mask corresponding to a rect-
angle 90 � 60 �m was superimposed on the image, and all ganglion cells
with a nucleolus wholly within that area (throughout the entire section
thickness) were counted. (The software was used to place a small marker
at the x–y position of each nucleolus, while repeatedly rolling the focus to
image the entire depth of the section.) To correct for possible variation in
section thickness, cell counts were divided by the true thickness of each
section, as determined by imaging the top and bottom surface with DIC
optics and reading output values of the calibrated z-axis sensor.

Results
Cochlear thresholds and suprathreshold response growth
Cochlear responses were measured in male CBA/CaJ mice at ages
ranging from shortly after weaning (4 weeks) to the end of their
life span (144 weeks). Two minimally invasive tests were used,
DPOAEs and ABRs, because this combination allows differential
diagnosis of the site(s) of dysfunction (for summary, see Starr et
al., 2008). DPOAEs are acoustic signals created and amplified
by the cochlear epithelium and measured in the ear canal.
They require the biological motors in OHCs (Liberman et al.,
2002), which amplify sound-evoked cochlear vibration. They
do not require IHCs or auditory nerve fibers (Takeno et al.,
1994; Kujawa and Liberman, 2009). ABRs are electric poten-
tials recorded from scalp electrodes, and the first ABR wave
represents the summed activity of the auditory nerve fibers
contacting IHCs (Buchwald and Huang, 1975). Thus, reduc-
tions in ABR Wave 1, in the absence of DPOAE changes, indi-

Figure 2. ABR waveforms in aging mice suggest an auditory neuropathy. A, Representative ABR waveforms (12 kHz, 80 dB SPL) at 4 weeks (black) versus 80 weeks (red) show a large reduction
in Wave 1 with minimal reduction in Wave 5; dotted lines mark Wave 1 peak and trough. B, Mean amplitude ratios for ABR Wave 5 to Wave 1, at 4 or 80 weeks (12 kHz at 80 dB SPL). C, D, Mean
waveforms at different ages for the early (cochlear) components of the ABR (12 kHz). In C, responses are shown at equal SPL, i.e., 80 dB SPL. Wave 1 peak to trough is indicated for the 4 week response.
In D, responses are shown for equal SL, i.e., 50 dB above ABR threshold. Data are shown for ages to 80 week, the oldest age at which 50 dB SL data are available. The key in C applies to all panels; group
sizes are as given for Figure 1.
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cate dysfunction in IHCs, auditory nerve fibers, or the
synaptic transmission between them.

As shown in Figure 1, A and B, age-related threshold eleva-
tions in both DPOAEs and ABRs were gradual and mild, and
were restricted primarily to middle and high frequencies, out to
96 weeks. Beyond this age, threshold losses grew more rapidly
and spread to include all frequencies for both metrics. By 144
weeks, DPOAE and Wave 1 responses were absent at the stimulus
maximum for many animals. Similarities in the pattern of age-
related threshold elevation between the two metrics suggest that
these shifts arise, at least in part, from OHC dysfunction. How-
ever, elevations were greater for ABR at all ages, and the disparity
grew with increasing age; thus, age-related changes in cochlear neu-
ral function may reflect additional involvement of IHCs, auditory
neurons, or the synapses between them, i.e., a type of dysfunction
not captured by DPOAEs. Sizable age-related decreases in suprath-
reshold response amplitudes appeared in the ABR responses at a
much earlier age (�64 weeks) than in the DPOAE responses (�128
weeks), as shown in Figure 1, C and D, further suggestive of age-
related changes in cochlear neural function. Data in Figure 1, C and
D, are for stimuli at 12 kHz, but similar trends held at all test frequen-
cies from 5.6 to 45.2 kHz (data not shown).

The ABR waveform (Fig. 2A) comprises a series of peaks and
troughs within the first �6 ms after stimulus onset. The first ABR
wave (Wave 1) represents summed activity of the cochlear nerve
(Z. Chen et al., 2006). Generators of later waves are less well
studied in mouse than in human or cat (Melcher and Kiang,
1996). Here, we designate them as Waves 2–5 to differentiate
them from Waves II–V, as defined in larger mammals. Compar-
ison of waveforms in young (4 week) versus older (80 week) mice
reveal that age-related reductions in Wave 1 are more dramatic
than those in the later waves (Figs. 2A,B), which arise from
higher centers in the auditory brainstem and midbrain. The
Wave 5 peak, which (in cat) is dominated by contributions of the
inferior colliculus (Melcher and Kiang, 1996), is particularly ro-
bust in the older animals.

To separate the contribution of presynaptic versus postsynap-
tic dysfunction in the IHC area to the observed age-related defi-
cits in cochlear neural output, we use the summating potential
(SP; Figs. 2C,D), which appears as a shoulder on the leading edge
of the Wave 1 peak and is dominated by contributions from the
IHC receptor potentials (Durrant et al., 1998; Santarelli et al.,
2009). Superimposing ABR responses to 80 dB SPL tones (Fig.
2C) shows that both the SP and Wave 1 are declining with age.

Figure 3. Accelerating threshold deterioration beyond 80 weeks is mirrored by an accelerating loss of OHCs. A–C, Survival of OHCs, IHCs, and spiral ganglion cell (SGCs) at three cochlear locations
and eight ages (key in B also apples to A and C). Data are means (�SEM) expressed as percentage of survival at 4 weeks. Mean 4 week values were as follows: OHCs (per row), 14.88, 15.57, and 14.64
cells per 100 �m of cochlear length; IHCs, 12.99, 13.00, and 12.91 cells per 100 �m; SGCs, 8.80, 10.60, and 10.40 cells per 540 �m 2 at 5.6, 11.3, and 32 kHz, respectively. D–F, Mean cell-survival
data from panels A–C are replotted (left-hand axis) as a function of age at each of the three cochlear locations, where they are compared to mean threshold shifts (4 week means) from the same
animals (right-hand axis). Shifts at 144 week are underestimated, since there was no response at the stimulus maximum in some cases. OHC counts are averages of all three rows. The key in D also
applies to E and F. Group sizes are as given for Figure 1, except for SGC counts, which were obtained for a subset of ears: 4 weeks (6), 16 weeks (15), 32 weeks (12), 64 weeks (13), 80 weeks (8), 96
weeks (15), 128 weeks (9), and 144 weeks (8).
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However, if we compensate for the age-
related threshold elevation (presumably
arising from OHC dysfunction) by super-
imposing curves obtained at the same
“sensation level” (SL), i.e., decibels re:
ABR Wave 1 threshold, we see large dec-
rements in Wave 1 amplitude (�65% at
80 week) with �5% decrement in SP am-
plitude at the same age (Fig. 2D). Such a
pattern strongly suggests that the age-
related deficits in ABR responses are dom-
inated by cochlear synaptopathy or
neuropathy rather than by defects in
mechanoelectric transduction by the hair
cells.

Cochlear histopathology
After final physiological testing, cochleas
were processed as immunostained whole
mounts or osmium-stained, plastic-
embedded sections to quantify hair cells,
spiral ganglion cells, and synaptic struc-
tures, i.e., presynaptic ribbons, postsyn-
aptic glutamate receptors, and cochlear-
nerve terminal boutons under IHCs.

Hair cells and spiral ganglion cells
A normal cochlear epithelium has one
row of IHCs and three rows of OHCs, and,
in most types of sensorineural hearing
loss, OHCs are more vulnerable to dam-
age and cell death than IHCs. In the pres-
ent study, OHC loss was minimal until
after 80 weeks (Fig. 3A), after which there
was a precipitous decline in survival, ap-
pearing first in apical, low-frequency co-
chlear regions, but gradually reaching the
basal high-frequency regions, consistent
with a previous report (Spongr et al.,
1997). Unlike the special vulnerability of first-row OHCs after
acoustic injury (Wang et al., 2002), age-related OHC losses were
similar in all three OHC rows (Fig. 3A). Inner hair cell losses were
minimal in aging ears: survival exceeded �80% in all cochlear
regions, even at the end of the life span (Fig. 3B). Loss of spiral
ganglion cells, the cell bodies of auditory nerve fibers, was slowly
progressive throughout the life span and relatively uniform along
the cochlear spiral (Fig. 3C). At all ages, fractional ganglion cell
losses exceeded those of IHCs, suggesting that ganglion cell de-
generation is largely “primary” in nature, rather than “second-
ary” to loss of their peripheral targets. Losses were �40% for
the oldest group. A comparison between the age-related pro-
gression of cochlear histopathology and cochlear thresholds (Fig.
3D–F) suggests that OHC loss is a major contributor to age-
related threshold shifts. For both metrics, changes are slow until
80 weeks of age, beyond which time point the loss/dysfunction
accelerates markedly. Furthermore, the end point correlation,
i.e., virtually complete OHC loss associated with a �50 dB
threshold elevation, fits well with previous work on structure
function correlations after drug- or noise-induced OHC loss
(Dallos and Harris, 1978; Liberman et al., 2002).

Synapses between hair cells and spiral ganglion neurons
Spiral ganglion cells fall into two distinct types: a majority popu-
lation (95%) of large myelinated bipolar neurons with peripheral

axons that target exclusively the IHCs and a minority population
(5%) of small unmyelinated neurons with peripheral axons that
contact exclusively OHCs (Spoendlin, 1972). Thus, we concen-
trated on the synaptic connections in the IHC area. To quantify
the synapses and synaptic terminals, we immunostained cochlear
epithelial whole mounts with antibodies to (1) a prominent com-
ponent of the presynaptic ribbon (CtBP2; Khimich et al., 2005),
which clearly stains ribbons at both IHCs and OHCs, (2) an
AMPA-type glutamate receptor prominently expressed in the
postsynaptic density within the auditory-nerve terminal boutons
at IHCs (GluA2; Matsubara et al., 1996) or an antibody to an
isoform of Na/K-ATPase (NKA�3) to stain unmyelinated termi-
nals of cochlear nerve fibers contacting IHCs (McLean et al.,
2009), and (3) an unconventional myosin, myosin VIIa, ex-
pressed in IHC and OHC cytoplasm.

As shown in Figure 4B, this triple immunostaining, in a nor-
mal young ear, reveals closely juxtaposed pairs of ribbons and
glutamate receptor patches studding the basolateral membrane
of the IHCs, with 15–20 pairs per IHC in the middle cochlear
regions (Kujawa and Liberman 2009). These synaptic counts fit
well with observations from serial-section ultrastructural studies
of the mouse IHC area (Stamataki et al., 2006). As schematized in
Figure 4A, such electron microscopic studies also show that each
auditory nerve fiber makes synaptic contact with a single IHC via
a single terminal bouton, with a single postsynaptic density that is

Figure 4. Confocal imaging of presynaptic ribbons and postsynaptic glutamate receptors shows age-related cochlear neurop-
athy. A, Schematic cross-section showing three of the �20 auditory nerve fibers (ANFs) making synaptic contact with an IHC.
Presynaptic ribbons and postsynaptic receptor patches are also schematized. The x–y–z axis shows the viewing angle for the
confocal x–y projections shown in B and C. B, C, Maximum projections of confocal z-stacks obtained in the 32 kHz region from a 4
week (B) and a 144 week (C) ear. These epithelial whole mounts were triple stained for presynaptic ribbons (CtBP2; red), postsyn-
aptic glutamate receptors (GluA2; green), and hair cells (myosin VIIA; blue). The anti-CtBP2 also faintly stains IHC nuclei. One
juxtaposed ribbon–receptor pair is indicated by the red and green arrow (B); one orphan ribbon is indicated by the red arrow (C).
The cuticular plate of an IHC is indicated by the white and blue arrow (B). D, High-power views of selected synaptic complexes
illustrating the juxtaposition between presynaptic and postsynaptic elements and the occasional orphan ribbons (red arrows) seen
in both young and old ears. Scale bars: (in C) B, C, 5 �m; D, 1 �m.
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associated with a single presynaptic ribbon (Liberman, 1980;
Liberman et al., 1990). Thus, synaptic counts based on confocal
projections such as those in Figure 4 provide an estimate of the
maximum number of auditory nerve fibers that could be carrying
information from the cochlea to the brain. High-power exami-
nation of all the synaptic elements, as illustrated by a small subset
in Figure 4D, revealed that, in the youngest ears, �95% of all
presynaptic ribbons from all cochlear regions examined were im-
mediately juxtaposed to a glutamate receptor patch or a cochlear
nerve terminal (data not shown), and correspondingly, orphan
ribbons, such as the one shown by the arrow in Figure 4D were
quite rare.

In older ears, as shown in Figure 4C, the number of paired
synaptic puncta was reduced. Counts of IHC ribbons in all of the
age groups (Fig. 5A) show a steady decline in all three cochlear
regions evaluated. Losses were initially greater in the apex, but
with increasing age, the synaptopathy spread throughout the co-
chlear spiral. In contrast, OHC ribbons were well preserved in the
aging ear: for those OHCs remaining, ribbon losses were �10%
at all cochlear frequencies sampled, to 128 weeks (Fig. 5B). When
plotted versus age (Fig. 5C), IHC synaptic decline begins at wean-
ing and progresses steadily until death. Loss of the neuronal cell
bodies of the fibers contacting the IHCs, also plotted in Figure
5C, shows a similarly steady progression, but after a delay of a
few months. High-power examination (Fig. 4D) showed that,

even for the oldest age group, the num-
ber of orphan ribbons was still very
small (�5% at the 12 and 32 kHz re-
gions, and �10% at the 5.6 kHz region).
Thus, IHC ribbon counts are an excel-
lent proxy for synaptic counts, and,
therefore also for an estimate of the
numbers of auditory nerve fibers
remaining.

ABR Wave 1 amplitudes provide infor-
mation about the functional integrity of
these auditory nerve fibers. In a previous
study of noise-induced cochlear neurode-
generation, Wave 1 amplitudes declined
in proportion to ribbon loss after cochlear
thresholds had recovered to preexposure
values (Kujawa and Liberman, 2009). In
the present study, synapse survival and
normalized Wave 1 amplitude also are
highly correlated across all ages and all
frequencies studied (Fig. 5D).

Discussion
Threshold shifts and hair cell loss
In humans, threshold sensitivity declines
with age, with the pace of deterioration
worse in males than females, and worse at
high frequencies than low (for review, see
Goŕdon-Salant 2005). Age-related thresh-
old shifts are remarkably similar in male
humans and male CBA/CaJ mice, as
shown in Figure 6, where human data are
taken from otologically normal males
with no stated history or audiometric ev-
idence of noise exposure (Pearson et al.,
1995). To make the comparison, we nor-
malized age to mean life span and adjusted
for differences in frequency range (mice are
high-frequency mammals), using cochlear

maps to identify frequencies representing the same relative posi-
tions along the mechanically tuned cochlear spiral. At both basal
(35% locus) and apical (70%) cochlear locations, in both mouse
and man, the rate of threshold deterioration increases dramati-
cally at ages beyond �80% of mean life span. Such data provide
an estimate of the threshold declines attributable to aging per se
in the human, as the mice received only low- to moderate-level
sound exposures over the course of their entire life spans.

Although threshold deterioration in CBA/CaJ closely mirrors
that in average human data, for any individual, genetic and envi-
ronmental factors, e.g., noise exposure, can shape the nature and
degree of age-related hearing loss. Certain other inbred strains of
mice show a more rapid decline in cochlear function as they age
(Zheng et al., 1999). The C57BL/6 strain, for example, has re-
ceived extensive study as a model of age-related hearing loss.
Threshold elevation in this strain is associated with a splice vari-
ant of the gene for cadherin 23 (Noben-Trauth et al., 2003), a
component of the stereocilia tip links necessary for hair cell
mechanotransduction (Siemens et al., 2004). The early appear-
ance and accelerated rate of threshold elevation (Fig. 6A) and
neural loss (Fig. 6B) suggests that the cochlear anomaly in this
strain may be relevant to only a subset of aging human ears.

The age-related loss of OHCs observed here is quantitatively
consistent with previous studies in CBA inbred mice (Spongr et

Figure 5. Synaptic counts in IHCs, but not OHCs, decrease steadily throughout the cochlea from 4 to 144 weeks. A, B, Counts of
presynaptic ribbons in IHCs (A) and OHCs (B) at three cochlear locations versus age. Means (�SEMs) are normalized to 4 week
values: 2.45, 2.52, and 2.19 ribbons per OHC and 9.25, 17.91, and 17.11 ribbons per IHC at 5.6, 11.3, and 32 kHz, respectively. C, IHC
ribbon counts from A were averaged across cochlear frequency, replotted versus life span, and compared to frequency-averaged
spiral ganglion cell (SGC) counts from the same animals. D, IHC ribbon counts from A are plotted versus mean Wave 1 amplitudes
(at 80 dB SPL) from the same animals (except the 144 week group, where ABR waveforms were so abnormal that wave classifica-
tion was unreliable). Red-circled points are those from the 80 week group. Best-fit lines are shown for each stimulus/cochlear
frequency. Group sizes are as given for Figures 1 and 3.
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al., 1997; Ohlemiller et al., 2010; CBA/CaJ,
CBA/J) and may account for much of the
age-related threshold elevation in our
mouse model (Fig. 3D–F). Loss of OHCs
(Dallos and Harris, 1978) or the prestin-
based molecular motor that drives the
OHC-based “cochlear amplifier” (Liber-
man et al., 2002) leads to �50 dB of
threshold elevation; correspondingly,
near-total loss of OHCs in our oldest mice
(Fig. 3D–F) was associated with an �50
dB threshold shift. Cochlear thresholds
can also be elevated by a decrease in endo-
cochlear potential (EP), the 100 mV po-
tential across the sensory epithelium that
helps drive hair cell transduction. In ger-
bil, pathology of the stria vascularis, with
associated EP decline, has been described
as a primary contributor to age-related
threshold elevations (Schmiedt et al.,
2002). Although there is an age-related EP
decline in CBA/CaJ, it is minimal in males
(Ohlemiller et al., 2010), and the data in
Figure 4 suggest that it need not be in-
voked to account for the age-related
threshold shifts observed here.

Cochlear neuropathy and hidden hearing loss
All acoustic information is carried from the hair cells to the
brainstem via the bipolar sensory neurons of the auditory
nerve, numbering about 35,000 in human (Spoendlin and
Schrott, 1989). Each auditory nerve fiber has a cell body in the
spiral ganglion, a peripheral axon directed to the organ of
Corti and a central axon to the cochlear nucleus. In the aging
mouse, loss of spiral ganglion cells occurs before loss of hair
cells (Fig. 3), and the rate of loss is similar in mouse and
human, when age is normalized to a percentage of total life
span (Fig. 6B). In aging human ears with full complements of
hair cells, mean ganglion cell losses reach �30% at 95 years
(Makary et al., 2011); correspondingly, neuronal losses
reached 40% in old CBA/CaJ mice (144 weeks; Fig. 5B). These
spiral ganglion cell losses are remarkably similar to those re-
ported for aging gerbil (Keithley et al., 1989) and rat (Keithley
and Feldman, 1979), but can be contrasted with the acceler-
ated neuronal loss in C57BL/6 mice, which reaches �30% by
only 30 weeks of age (Hequembourg and Liberman, 2001).

Counts of spiral ganglion cells greatly underestimate the
degree of cochlear neuropathy in the aging ear, because the
cochlear synapses (and peripheral axons) of spiral ganglion
cells degenerate well before their cell bodies (and central ax-
ons), as suggested by Figure 5C. Similar conclusions can be
drawn from electron microscopic studies on aging C57BL/6
mice, where the progression of degeneration from synaptic
terminal to peripheral axon to cell body has been well docu-
mented (White et al., 2000; Stamataki et al., 2006). Counts in
human temporal bones also show greater age-related loss of
peripheral versus central axons of spiral ganglion cells (Felix et
al., 1990), and multiple reports show isolated degeneration of
cochlear peripheral axons in aging ears with normal hair cell
and ganglion cell counts (Nadol, 1979; Spoendlin and Schrott,
1988, 1989; M. A. Chen et al., 2006).

A lifetime of moderate-level sound exposure?
A similar progression of neurodegeneration has been observed in
ears with (Liberman and Kiang, 1978) and without (Kujawa and
Liberman 2009) hair cell loss after acoustic overstimulation.
When exposures are titrated to produce transient threshold ele-
vation, followed by full recovery of hair cell function, the substan-
tial loss of IHC synapses and auditory nerve peripheral terminals
is complete by 1 d after exposure, whereas the death of spiral
ganglion cells continues for �1 year (Kujawa and Liberman,
2009). The neuropathy may arise from a glutamate excitotoxicity
that occurs immediately after acoustic overstimulation (Puel et
al., 1998) or ischemia (Pujol et al., 1990; Puel et al., 1994), or
which may accumulate over the course of a lifetime of more
moderate-level sound exposures (Maison et al., 2013). The rela-
tive selectivity of IHC ribbon loss with age observed here (Fig. 5)
is consistent with such an hypothesis, as OHC synaptic terminals
do not express the same AMPA-type glutamate receptors as IHC
synaptic terminals (Liberman et al., 2011) and do not degenerate
when the cochlea is perfused with kainate, as IHC terminals do
(Pujol et al. 1985; Juiz et al. 1989).

Neurophysiological study (Furman et al., 2013) suggests that
noise-induced neuropathy is selective for the subset of auditory
nerve fibers, comprising �40% of the population, with high
thresholds and low spontaneous rates (SRs). A single-fiber
study of auditory-nerve response in aging gerbils also reported a
decline in the proportion of low-SR fibers (Schmiedt et al., 1996),
and a morphological study in aging C57BL/6 mice reported pref-
erential loss of small afferent terminals on IHCs (Stamataki et
al., 2006), which correspond to fibers with low SR (Liberman,
1982). Selective low-SR neuropathy in our aging mice would ex-
plain why a substantial loss of IHC–afferent fiber synapses (Fig.
5A) has minimal effect on ABR thresholds (Fig. 3D–F), but is
proportionately reflected in suprathreshold ABR amplitudes
(Fig. 5D).

The close correspondence between synaptic survival and ABR
Wave 1 amplitude, which reflects summed activity of auditory

Figure 6. Age-related declines in threshold and ganglion cell survival in mouse and man. A, Age-related threshold shifts
versus percentage mean life span at two cochlear regions in humans versus two common strains of laboratory mice. Human
audiometric thresholds are values for males from Pearson et al. (1995). ABR thresholds for CBA/CaJ are from the present
study; data for C57BL/6 are from Hequembourg and Liberman (2001). To normalize for difference in mean life spans, we
used 2.1 years for male CBA/CaJ and C57BL/6 mice (http://research.jax.org/faculty/harrison/ger1vi_LifeStudy1.html) and
76 years for human males (Kochanek et al. 2012). To normalize for difference in frequency range, we matched cochlear
location, choosing loci 35 and 70% of the distance from the base, which, according to the relevant cochlear frequency maps
(Schuknecht, 1994; Müller et al., 2005), correspond to 32 and 12 kHz in mice versus 4 and 0.75 kHz in humans. B, Spiral
ganglion cell counts for CBA/CaJ are from the present study, averaged across all cochlear regions and displayed as the
best-fit straight line. Group sizes are as given for Figure 3. Best-fit lines for C57BL/6 and human are computed from data in
previous studies (Hequembourg and Liberman, 2001; Makary et al., 2011) and are also collapsed across all cochlear regions.
For both panels, when data points represent a range of ages, the midpoint was used.
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nerve fibers (Fig. 5D), suggests that this non-invasive auditory
test could be useful in diagnosing cochlear synaptopathy in hu-
mans, at least among those with near-normal threshold audio-
grams. Indeed, in humans with good audiometric thresholds,
Wave I was �78% smaller among males over 70 compared to
those under 40 years (Konrad-Martin et al., 2012), whereas Wave
V, reflecting contributions of auditory midbrain nuclei, was re-
duced by only 22%. This relative enhancement in Wave V/Wave
1 ratio is similar to that observed in our aging mice (Fig. 2). It may
reflect an increase in “central gain” after partial peripheral deaf-
ferentation (Schaette and McAlpine, 2011) and has been impli-
cated in the generation of tinnitus, a common affliction in aging
(Lockwood et al., 2002).

Functional implications
Age-related damage to hair cells elevates auditory thresholds, and
when this occurs in important speech frequency regions,
conversation-level speech (�60 dB SPL) does not provide suffi-
cient information: speech may be heard, but not understood.
Reduced audibility, however, cannot fully account for the poorer
performance of aging listeners in adverse listening situations,
where speech signals must be extracted from backgrounds of
noise or reverberation. This poorer performance of older listen-
ers on a variety of suprathreshold speech and temporal process-
ing tasks can already be seen in middle age (Abel et al., 1990;
Grose et al. 2006; Grose and Mamo 2010), and indeed may be
progressive throughout the adult life span (Snell and Frisina,
2000). Such findings parallel the common experience of poorer
hearing in noise that occurs well before age-related threshold
elevation (Ruggles et al., 2012).

Declining auditory performance in aging listeners with nor-
mal audiometric thresholds is often attributed to changes in cen-
tral circuits, because the view that normal threshold indicates a
lack of cochlear involvement is pervasive (Humes et al., 2012).
Here, we show that dramatic cochlear synaptopathy precedes
age-related hair cell damage and/or threshold elevation. This syn-
aptopathy progresses throughout the life span, and is likely selec-
tive for auditory-nerve fibers with low SR (Schmiedt et al. 1996;
Furman et al. 2013). Since low-SR fibers have higher thresholds
and wider dynamic ranges than their high-SR counterparts
(Winter et al. 1990), they are also more resistant to masking in the
presence of continuous broadband noise (Costalupes et al. 1984).
Thus, an age-related loss of low-SR fibers may be an important
contributor to declining auditory performance in aging listeners,
particularly with respect to speech-in-noise difficulties. Present
results underscore the importance of understanding peripheral
status when studying central contributions to auditory aging.
Translation to clinical diagnosis will require noninvasive tools.
Fortunately, key functional clues to this synaptopathy are avail-
able in the ABR response; these could be optimized and accessed
noninvasively, enhancing the possibilities for translation to hu-
man clinical characterization.
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Müller M, von HünerbeinK, Hoidis S, Smolders JW (2005) A physiological
place-frequency map of the cochlea in the CBA/J mouse. Hear Res 202:
63–73. CrossRef Medline

Nadol JB Jr (1979) Electron microscopic findings in presbycusic degenera-
tion of the basal turn of the human cochlea. Otolaryngol Head Neck Surg
87:818 – 836. Medline

Noben-Trauth K, Zheng QY, Johnson KR (2003) Association of cadherin 23
with polygenic inheritance and genetic modification of sensorineural
hearing loss. Nat Genet 35:21–23. CrossRef Medline

Ohlemiller KK, Dahl AR, Gagnon PM (2010) Divergent aging characteris-
tics in CBA/J and CBA/CaJ mouse cochleae. J Assoc Res Otolaryngol
11:605– 623. CrossRef Medline
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